Placental hypoxia can stimulate oxidative stress and mitochondrial dysfunction reducing placental efficiency and inducing fetal growth restriction (FGR). We hypothesized that chronic hypoxia inhibits mitochondrial function in the placenta as an underlying cause of cellular mechanisms contributing to FGR. Pregnant guinea pigs were exposed to either normoxia (NMX) or hypoxia (HPX; 10.5% O 2 ) at 25 day gestation until term (65 day). Guinea pigs were anesthetized, and fetuses and placentas were excised at either mid (40 day) or late gestation (64 day), weighed, and placental tissue stored at −80
Introduction
Maternal chronic hypoxia is one of the most significant clinical challenges during pregnancy and impacts maternal, placental, and fetal compartments. Maternal hypoxia can result from several adverse conditions such as high-altitude hypoxia [1, 2] , maternal cardiorespiratory disease, preeclampsia, and placental insufficiency [3, 4] . Both nutrient/O 2 transfer across and hormone synthesis by the placenta may be disrupted by hypoxia [5, 6] , mediated by altered metabolism of syncytiotrophoblasts, vascular smooth muscle, and endothelial cells. Mitochondria play an important role in energy metabolism and cellular processes required for successful placentation such as trophoblast proliferation, differentiation, spiral artery remodeling [7] [8] [9] , and nutrient transport across the maternal-fetal circulations during placental growth [6] .
The mitochondria generate cellular ATP to the cell via oxidative phosphorylation. During placental development, cells increase their reliance on mitochondrial oxidative phosphorylation as tissue oxygenation increases with blood vessel development [10] . Chronic hypoxia impacts mitochondrial respiration by reducing oxygen availability, inhibiting electron flux along the respiratory chain, increasing reactive oxygen species (ROS) generation at respiratory complexes, and disrupting normal energy balance within the cell [11, 12] . Placental hypoxia can generate oxidative stress [1] as a result of ROS generation from mitochondria, NADPH oxidases, xanthine oxidases, uncoupled nitric oxide synthases, and cytosolic metabolic enzymes [1, 13] . Mitochondria respond to hypoxic stress by altering their rate of respiration and ATP synthesis, biogenesis, and protein expression [11, 13] . These dynamic responses can disrupt mitochondrial function in ways not clearly understood but may be an underlying cause of altered metabolism during placental development.
Previous studies have identified an important effect of gestational hypoxia on mitochondrial function in placental development. During early gestation, the embryo relies on anaerobic glycolysis for its ATP supply due to low oxygen conditions [14] . As spiral arteries undergo remodeling, there is an increase in tissue oxygenation that contributes to a metabolic shift toward oxidative phosphorylation [8] . Maternal chronic hypoxia can disrupt this process of normal placental development by disrupting trophoblast differentiation, endocrine function (e.g., syncytiotrophoblast), and nutrient exchange (e.g., endothelial/vascular smooth muscle cell) in different cell types, thereby increasing the risk of fetal growth restriction [1, 15, 16] . Further, evidence exists to support sexual dimorphism in placental dysfunction with adverse intrauterine conditions such as gestational hypoxia, obesity, and diabetes [17] [18] [19] [20] [21] .
We postulate that chronic hypoxia disrupts mitochondrial function as an underlying cause of placental dysfunction during the course of gestation. Mitochondrial function will be assessed by measuring mitochondrial density, protein expression of Complexes I-V, catalytic enzyme activity, and nitrotyrosine expression of Complexes I and IV at both mid and late gestation in male and female guinea pig placentas.
Materials and methods
Animal model and sample collection (n = 6 fetuses for each group) All animal procedures using guinea pigs were approved by the University of Maryland Institution Animal Care and Use Committee in accordance with Association for Assessment and Accreditation of Laboratory Animal Care-accredited procedures (Animal Welfare Assurance No. A3200-01). Time-mated pregnant Dunkin-Hartley guinea pigs (term = 65 days) (Elm Hill Laboratories, Chelmsford, MA) were housed in either room air (normoxia; 21% O 2 , NMX) or in a Plexiglas chamber (hypoxia; 10.5% O 2 , HPX). Pregnant sows were exposed to 10.5% O 2 at 25-day gestation for either 15-or 39-day duration. Animals were anesthetized (ketamine, 80 mg/kg i.p. and xylazine, 1 mg/kg i.p.) and placentas and fetuses extracted at either 40-day (mid-term) or 64-day gestation (late term, term = 65 days) following a subcutaneous lidocaine injection (1%), an abdominal skin incision, and hysterectomy. A total of 28 pregnant guinea pigs were used to obtain 24 fetuses. Two fetuses of different sexes were selected from a single sow when possible or a single fetus was selected if there was not a matching sibling of the opposite sex. Fetuses were obtained from a position closest to the cervix as representative of the entire litter. Fetuses and placentas were collected, weighed and placentas immediately frozen in liquid N 2 and stored at −80
• C until analysis. Fetal weight was normalized to its respective placental weight as relative fetal weight (fetal body weight/placental weight ratio).
Mitochondrial DNA content
Mitochondrial DNA content was measured as an index of mitochondrial mass. Total genomic DNA was isolated from guinea pig placenta from each treatment group (i.e., mid-term NMX/HPX and late-term NMX/HPX) using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Genomic DNA concentration was determined by Nanodrop (ThermoFisher Scientific, Walthem, MA). Relative quantification of mitochondrial DNA content for each group was determined by real-time quantitative PCR (qPCR) using primers for mitochondrial gene (mt-ND1, forward 5 -CTAAAAACCCTTGCGCTCAC-3 ; reverse 5 -TGGGAAGGGAAATGTGTCAT-3 ) and nuclear gene (β-actin, forward 5 -ACTCTCCACCTTCCAGCAGA -3 ; reverse 5 -AAAGCCATGCCAATCTCATC-3 ). qPCR was performed with a two-step cycling program by using SYBR Green ROX qPCR Mastermix (Qiagen) and read on QuantStudio (Thermo Fisher, Rockford, IL) and expressed as a ratio of mtDNA/nucDNA. The relative copy number between each group was analyzed by using the 2 − Ct method [22] .
Mitochondrial protein isolation
Mitochondrial proteins were isolated from the labyrinth of guinea pig placentas from each of the treatment groups (midterm-NMX/HPX and late-term-NMX/HPX) using a standard differential centrifugation protocol [23, 24] for subsequent assays of western immunoblotting and complex enzyme activity assays. Briefly, frozen placentas (30-40 mg) were ground to a fine powder in liquid N 2 , and frozen tissues were each transferred to a 1.5-ml microtube where they were suspended in 1 ml of ice-cold Homogenization Buffer (0.25 M sucrose, 5 mM HEPES, 1mM EDTA, pH 7.2). Tissues were kept on ice at all times during the preparation. Zirconium oxide homogenization beads were placed into tubes and tissues homogenized in a VWR Multi tube Vortexer at a power setting of 9 for 10 min at 4
• C in the cold room. Samples were centrifuged twice at 600 × g for 10 min at 4
• C to remove cellular debris.
The supernatant was carefully transferred to a clean 1.5-ml tube and recentrifuged at 12 500× g for 10 min to generate an enriched mitochondrial fraction. The pellet containing the mitochondrial fraction was resuspended in 100 μl 1× RIPA Lysis buffer supplemented with a protease inhibitor (Bio-Rad, Hercules, CA) for western blot or was solubilized with 0.1 mM N-Dodecyl β-D-maltoside (Sigma, St. Louis, MO) for measurement of Complex I and IV enzyme activity. The mitochondrial protein concentration of each sample was determined by the Bio-Rad Protein Assay (Bio-Rad).
Purity of enriched mitochondrial fraction
To quantify the degree of contamination of other proteins in our enriched mitochondrial fraction, we generated three fractions from a single sample from two separate male NMX placentas and probed for cytoplasmic (i.e., α-tubulin), nuclear (i.e., Lamin), and mitochondrial (i.e., VDAC, volume-dependent anion selective channel) proteins. To obtain total protein, samples were extracted, sonicated, and heated to 95
• C before loading. To obtain cytosolic proteins, samples were homogenized followed by centrifugation at 12 500 rpm for 10 min and the supernatant was removed for analysis. The mitochondrial protein fraction was generated as described above. An equal amount of protein (10 μg) was loaded onto the same gel and probed separately using primary antibodies of anti-α-tubulin (1:1000, CST, Danver, MA), anti-Lamin (1:2000, CST, Danver, MA), and anti-VDAC (1:2000, Abam, Inc. Cambridge, MA) followed by a peroxidase-conjugated secondary detection antibody.
Expression and nitration of mitochondrial respiratory complex proteins
Mitochondrial complex subunit expression of mid-and late-term NMX/HPX guinea pig placentas was measured by western blot analysis. Isolated mitochondrial proteins (10 μg) were separated on 4%-15% precast gradient gels (Bio-Rad) and then transferred to PVDF membranes. The membranes were blocked with 5% nonfat milk in TBS-T (TBS Tween-20 Buffer) for 2 h and incubated overnight at 4
• C with primary antibody diluted in 5% nonfat milk in TBST, and then detected using an appropriate peroxidaseconjugated secondary antibody. Protein bands were targeted with a primary antibody cocktail containing antibodies for complex subunits (I-V; 1:500, Abcam, Cambridge, MA) and polyclonal anti-VDAC antibody (1:2000, Boster Biological Technology Co., Pleasanton, CA) and visualized by ChemiDoc Touch Imaging System (Bio-Rad). Nitration of mitochondrial proteins of the same samples was identified by the anti-nitrotyrosine antibody (1:1000, Millipore, Billerica, MA) in separate gels. Density of the bands was quantified by the Bio-Rad Image Lab System software. To determine the effect of HPX on protein expression, gels were generated to compare NMX and HPX placentas at mid-and late-term gestation.
To compare the effect of gestational age on protein expression independent of treatment, gels were generated to compare either NMX or HPX placentas at mid-and late-term gestation for each sex. Surprisingly, we found that the loading control, VDAC, as well as TOM, another mitochondrial membrane protein (not shown) was reduced by gestation, thereby disallowing us to use VDAC for normalization. Instead, total density of all mitochondrial proteins was measured to confirm equal loading on the gel and for normalization of band density of Complexes I-V.
Complex I and IV enzyme activity
Mitochondrial Complex I enzyme activity of guinea pig placenta was measured as the oxidation of NADH to NAD + using a colorimetric assay kit (Abcam, Inc., Cambridge, MA). Briefly, mitochondrial proteins were isolated as previously described and 15 μg added to each of the microplate wells precoated with antibody specific for Complex I. After 3 h of incubation at 25
• C, OD values at 450 nm were recorded using a 96-well plate reader (BioTek, Winooski, VT) and enzyme activity expressed as the change in OD values per minute per mg sample mitochondrial protein. The Complex IV activity is measured colorimetrically by monitoring the oxidation of cytochrome c. Briefly, mitochondrial proteins were isolated as before and 15 μg added to each of a 96-well plate containing the assay buffer (10 mM Tri-HCl, pH 7.0 and 120 mM KCl plus reduced cytochrome c) [25] . The OD value was measured at 550 nm in a 96-well plate reader (BioTek, Winooski, VT) for 30 min at 20 s intervals. The rate of the reaction was calculated in the linear range according to the following formula: cytochrome c oxidase activity (units/mg mitochondrial protein) = OD/time ( t)/ε * protein (mg), (ε (extinction coefficient) = 7.04 mM −1 cm −1 ).
Statistics
All values are presented as mean ± SEM. Comparisons of weight, Ct values, and Complex I/IV activities and protein expression of Complexes I-V between NMX and HPX for mid-and late-term placentas were made using a two-way ANOVA followed by post hoc comparisons test of Bonferroni correction method or Student's t-test. Significant differences were identified as a P value < 0.05.
RESULTS

Effects of prenatal hypoxia on fetal and placenta weights
Fetal body weight, independent of sex, was 15.8 ± 1.3 g at mid-term gestation (N = 12; N = 6 males, N = 6 females) and increased to 91.3 ± 3.2g at late-term gestation (N = 12) in NMX animals ( Figure 1 ). Prenatal HPX had no effect on fetal body weight at mid-term (14.6 ± 1.0) but significantly decreased (P < 0.05) weight at late-term gestation (64.5 ± 3.2). Placental weight was 2.65 ± 0.13 g at mid-term gestation in NMX animals (N = 12) and increased by 71% to 4.54 ± 0.20 g by late gestation (N = 12). Chronic HPX had no effect on absolute placental weights at either mid-or late-term gestation. Relative fetal weight (calculated as fetal/placental weight ratio) at mid-term gestation was 5.94 ± 0.36 compared to 20.37 ± 0.82 at late gestation in NMX animals. Prenatal HPX significantly decreased (P < 0.05) the relative fetal weight in both mid-and late-term gestation. With regard to sex differences, in mid-term gestation, HPX had no effect on fetal body weight (males: 15.9 ± 1.9 vs 14.6 ± 1.4 g, females: 15.6 ± 1.8 vs 14.6 ± 0.3 g, NMX vs HPX, respectively), placental weight (males: 2.59 ± 0.14 vs 3.19 ± 0.32 g, females: 2.72 ± 0.24 vs 2.98 ± 0.21 g) or relative fetal weights (males: 6.14 ± 0.64 vs 4.71 ± 0.50, females: 5.74 ± 0.36 vs 4.91 ± 0.50) for both males (N = 6) and females (N = 6). In late gestation, HPX significantly (P < 0.05) decreased fetal body weight in both sexes (males: 94.2 ± 4.3 vs 64.1 ± 3.3 g, females: 88.5 ± 4.7 vs 65.0 ± 4.4 g), had no effect on placental weight in either sex (males: 4.80 ± 0.33 vs 4.55 ± 0.39 g, females: 4.28 ± 0.23 vs 3.79 ± 0.18 g), and significantly (P < 0.05) decreased relative fetal weight in both males (19.8 ± 0.8 vs 14.7 ± 1.5; N = 6) and females (20.9 ± 1.49 vs 17.07 ± 1.12; N = 6, NMX vs HPX, respectively).
Mitochondrial density
Neither prenatal HPX nor gestational age had any effect on mitochondrial DNA content at either mid-or late-term gestation in either sexes ( Figure 2 ). . Relative placenta wts were normalized to their respective fetal body weights as placenta wt/fetal body wt ratios. Values are mean ± SEM. Significant differences from NMX controls are indicated as an " * " for P < 0.05. 
Protein expression of mitochondrial Complexes I-V
The relative purity of the enriched mitochondrial fraction is illustrated in Figure 3 . Proteins of Lamin (nuclear), α-tubulin (cytoplasmic), and VDAC (mitochondrial) were all found in the total cellular fraction as expected. The cytosolic fraction contained predominantly cytoplasmic and mitochondrial but no nuclear proteins. In both samples, VDAC was predominantly identified with no other significant contamination by other cytosolic and/or nuclear proteins. This illustrates the relative purity of the enriched mitochondrial fraction compared to other proteins and suggests that the total amount of mitochondrial protein loaded onto gels and/or used for enzyme activity assays is not compromised by significant contamination. Images of western blots and graphic analysis of protein expression of Complexes I-V in both male and female placentas are shown in Figure 4 . In male placentas, HPX increased expression of complexes I-III and V at mid-but not late-term gestation. In female placentas, HPX had no effect on any of the Complexes at either midor late-term gestation. Complex V is associated with ATP synthase and its expression was highly abundant in all placentas compared to Complexes I-IV.
Complex I and IV activity rates
Prenatal HPX significantly (P < 0.05) decreased both CI and CIV activity in male placentas in late gestation but had no effect at midterm gestation ( Figure 5 ). There was no effect of hypoxia on ei- Protein expression of cellular fractions. Two separate samples of male normoxic (NMX) placentas were fractionated into three fractions of total (T) (i.e., mitochondrial, nuclear, and cytoplasmic proteins), cytosolic (C), and mitochondrial (M) proteins. Ten microgram of each sample was loaded onto a gel and probed separately for lamin A/C (i.e., nuclear protein), α-tubulin (i.e., cytosolic protein), and VDAC (i.e., mitochondrial protein) to determine the relative purity of the enriched mitochondrial fraction. Relative to the total and cytosolic fractions, the enriched mitochondrial fraction exhibited no significant contamination of lamin A/C or α-tubulin.
ther CI or CIV activity in female placentas regardless of gestational age.
Nitration of Complex I and IV proteins
Expression of nitrotyrosine is an indicator of nitration by peroxynitrite. Prenatal HPX had no significant effect of nitrotyrosine expression at mid-term in either male or female placentas ( Figure 6 ). However, prenatal HPX significantly (P < 0.05) increased nitrotyrosine expression of Complexes I and IV in late-term gestation of only male placentas. No bands were identified at any other MW indicating a selective nitration of Complexes I and IV. In the western blot, nitrotyrosine targets only two bands corresponding to ∼20 and ∼35 kDa, which are associated with bands corresponding to Complex I and Complex IV subunits, respectively. Since only mitochondrial proteins are loaded onto the gel and only two bands are identified, then it is reasonable to assume that nitrotyrosine binding is associated with Complexes I and IV. 
Effect of gestation on mitochondrial protein expression
To compare the effect of gestational age on mitochondrial complex expression, total mitochondrial protein from samples of NMX/HPX male and female placentas ( Figure 7) were loaded onto separate gels and targeted with the mitochondrial protein antibody cocktail for Complexes I-V and VDAC antibody. Mitochondrial Complexes I, III, and V and VDAC were significantly (P < 0.05) decreased at latecompared to mid-term gestation in both males and females. In addition, Complexes II and IV were variably decreased in late vs mid gestation. This indicates a gestational age-dependent decrease in mitochondrial protein expression of not only the respiratory complexes but also proteins of outer mitochondrial membranes (i.e., VDAC) as well. Equal amounts of total mitochondrial protein were confirmed by measuring total band density for the entire column (not shown) and used to normalize the band densities of Complexes I-V.
Discussion
This study indicates that maternal hypoxia alters mitochondrial function in the guinea pig placenta in a sex-and gestational age-related manner. Mitochondrial function was assessed by measurement of mitochondrial DNA content, protein expression of respiratory Complexes, Complexes I and IV activities and nitration of Complexes I and IV protein subunits. In general, hypoxia had a greater inhibitory effect on mitochondrial function in males compared to females in late gestation as indicated by reduced activities of Complexes I and IV and increased nitration of the same complexes with little or no change in respiratory complex protein expression. Lastly, independent of hypoxia and sex, advancing gestation decreased expression of specific respiratory Complexes and VDAC in all groups indicating the term placenta may be exhibiting signs of respiratory impairment. The placenta is the site of nutrient/O 2 transfer from the maternal to fetal circulation and a major determinant of fetal growth. As gestation advances, placental growth is expected to increase providing a sufficient nutrient/O 2 supply to match the energy demand of the rapidly growing fetus [5, 17] . Under chronic hypoxia, an imbalance between the nutrient supply/demand ratio contributes to fetal growth restriction [26] . In the current study, at mid gestation, both placenta and fetal growth were unaffected by hypoxia, although the relative fetal weight was decreased as a result of a slight increase in placental weight. With prolonged hypoxia, the decrease in relative fetal weight occurred as a result of a reduction in fetal body weight. Previous studies reported that hypoxia alters placental weight in a variable manner exhibiting increased [17, 27] , decreased [28] , and no change [29, 30] . This suggests different strategies by which the placenta compensates to hypoxic stress such as increasing its surface area for exchange and diffusing capacity [17, 29, 31, 32] in the labyrinthine zone [32] [33] [34] or altering its endocrine function in the junctional zone [5] . The disproportionate decrease in fetal weight relative to placental weight reflects altered efficiency of placental function, particularly in late gestation. Despite sexrelated differences in indices of mitochondrial function, there was no sexual dimorphism in the response of relative fetal weight to hypoxia.
We evaluated the effect of placental hypoxia on mitochondrial function at mid and late gestation to understand whether this may contribute as an underlying cause in placental dysfunction. Mitochondrial DNA content was unaltered by hypoxia and there were small but significant changes in Complex I-V protein expression. In mid gestation, there was a paradoxical or compensatory increase in expression of CI, II, III, and CV in hypoxic male placentas. This was not sustained in late gestation nor present in female placentas at either gestational age. This may indicate that mitochondrial protein expression in the females is either insensitive to hypoxic stress or recovers following prolonged hypoxia.
Both Complexes I (NADH dehydrogenase) and IV (cytochrome c oxidase) are important for electron transfer and oxygen consumption in the respiratory chain. The effect of hypoxia on respiratory function can be measured as enzymatic activity. A reduction in enzyme activity of any of these complexes in vivo could inhibit the flux of electrons and the rate of oxidative phosphorylation [35] . Enzyme activities of both Complexes I and IV were reduced by hypoxia in late but not mid gestation of male placentas whereas hypoxia had no effect in female placentas, identifying a sex difference to hypoxic stress favoring the female. An impaired enzyme activity of these complexes may reduce ATP generation, as well as, increase ROS generation [35] , both of which impair oxidative phosphorylation [6, 15] . We attribute the decrease in Complex I and IV activity to an increased hypoxia-induced nitration by peroxynitrite. Peroxynitrite generation is a molecular footprint of nitrative stress as it is generated from the interaction of superoxide anion and nitric oxide [36, 37] . Upon its formation, peroxynitrite can nitrate tyrosine moieties of protein subunits forming nitrotyrosine through covalent modification and thereby inhibit enzyme activity [37, 38] . Only in late gestation was there a significant increase in nitrotyrosine expression associated with both Complexes I and IV in hypoxic male placentas, which may indicate a redox imbalance favoring nitrative stress [36] . This differs in the hypoxic female placentas where enzyme activities and nitration of Complexes I and IV were unaffected by hypoxia. An increased antioxidant capacity of female placentas [19] may account for the difference in response to hypoxia in the current study. Sex dimorphism in the placenta has been measured in response to stressful intrauterine environments and dependent on gestational age of exposure [21] . For example, recent studies have identified an increased risk of male human placentas to impaired mitochondrial biogenesis in maternal diabetes [39] , reduced antioxidant capacity of male placentas from obese women [19] , and a greater inhibition of mitochondrial respiration by microRNA 210 in female placentas [20, 40] . In the current study, the differential effect of hypoxia on reducing mitochondrial function may be mediated by a greater protective effect in female compared to male placentas, consistent with that measured in other animal studies [41] [42] [43] [44] .
This study also identified a gestational age effect on mitochondrial protein expression in both males and females, independent of hypoxia. By comparing protein expression between mid and late gestation on the same gel, we identified a significant decrease in complex and VDAC expression in each sex and regardless of treatment. This may contribute to a reduced capacity of mitochondrial respiration and/or nutrient transfer efficiency in the placenta at term. Further, the effect of gestational age on mitochondrial protein expression may increase the vulnerability of the term placenta to hypoxic stress as pregnancy advances. It should be noted that mitochondrial DNA content or mass of the placenta does not change with gestational age. This likely reflects differing mechanisms regulating mitochondrial dynamics and transcriptional regulation of respiratory Complex proteins with gestational age. Further, a lack of change in mitochondrial DNA content may represent an integrated response of a heterogeneous cell population within the placenta.
In summary, the current study suggests a mitochondrial dysfunction by hypoxia attributed to the decrease in CI/CIV activity concomitant with nitration of each of these complexes. This phenotype was predominant in late but not mid gestation, suggesting a progressive decline in indices of respiratory function to prolonged hypoxia. The effect of gestational age on reducing mitochondrial protein expression may identify an additional effect that may contribute to a progressive decrease in placental function. The labyrinth placenta is made up of multiple cell types including cytotrophoblasts, syncytiotrophoblasts, endothelial cells, and vascular smooth muscle cells. Labyrinthine trophoblasts, in particular, rely on energy metabolism for terminal differentiation from proliferating cytotrophoblasts to invasive extravillous trophoblasts [45] , nutrient transport across syncytiotrophoblasts [46] , and steroidogenesis of syncytiotrophoblasts [47, 48] . While this study did not distinguish between different placental cell types, it identified specific changes in indices of oxidative phosphorylation associated with prolonged hypoxia, sex, and gestation, identifying the mitochondrion as an important target organelle in oxidative metabolism during placental development.
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